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Introduction
Hydrogen is a potential fuel for a low-carbon economy, provided it can be manufactured with minimal release of CO 2 to the atmosphere. Generally, to generate hydrogen, carbonaceous fuels need to be consumed, usually via large-30 scale, energy-intensive processes such as steam-methane reforming. Where the hydrogen is to be used in polymericelectrolyte-membrane fuel cells; an additional process is required to purify the hydrogen to avoid poisoning of the Pt electrodes by the low concentrations of CO which contaminate 35 the product of steam-methane reforming. 1 However, CO may be less of a problem in other types of fuel cells, e.g. solidoxide fuel cells or solid molten carbonate fuel cells. 1 An alternative process, capable of producing pure hydrogen directly from carbonaceous fuels, at small to medium scales 40 with simultaneous capture of CO 2 , is chemical looping hydrogen production.
2
Chemical looping techniques rely on the ability of transition metal oxides to transport oxygen from an oxidising environment to a reducing environment. When CO is used as a 45 reductant and the oxygen in air is used as an oxidant, the reactions can be generalised: CO reduction: MeO x(s) + yCO (g) → MeO x−y(s) + yCO 2(g) ( 1 ) Air oxidation: MeO x−y (s) + O 2(g) → MeO x(s) ( 2 ) where MeO x and MeO x−y represent the oxidised and reduced forms of the transition metal oxide, referred to here, together with any supporting matrix, as the oxygen carrier. In this 50 example, oxygen is transported from air by MeO x to combust CO in a nitrogen-free environment, resulting in a stream of pure CO 2 , which is suitable for carbon storage. Here, the additional cost associated with the separation of CO 2 from N 2 for carbon capture in conventional coal-fired power plants is 55 avoided. In a variant of the above, if iron oxide is used as an oxygen carrier, hydrogen can be produced during the oxidation stage of the steam-iron process: 3/4Fe (s) + H 2 O (g) ⇌ 1/4Fe 3 proposed a system to produce pure hydrogen continuously 60 using the steam-iron process, by circulating iron oxides between three interconnected fluidised bed reactors. In their process, the iron oxide oxygen carrier was subjected to repeated redox reactions, i.e. chemical looping. When synthesis gas, e.g. a mixture of CO and H 2 is used as a fuel, the 65 reactions in the three-reactor system would be: 3Fe 2 O 3(s) + H 2(g) ⇌ 2Fe 3 according to the reverse of reactions ( 3 ) and ( 5 ). The solid product, magnetite, is further oxidised to haematite according to the exothermic reaction ( 10 ), in the third reactor, viz. the air reactor, which provides heat to the system. Overall, the chemical energy of the synthesis gas is used to produce 10 hydrogen by splitting water via chemical looping of the iron oxide. Of course, the hydrogen used during the reduction is mixed with CO, whereas the hydrogen produced in this manner is effectively free from carbonaceous contamination, and has high purity. One of the major challenges in the production of hydrogen by chemical looping is the development of a stable oxygen carrier capable of being reduced and oxidised over many cycles without deactivation. When almost pure iron oxide (99 wt% haematite) is used as an oxygen carrier, the reduction of Fe 3 O 4 20 to Fe in each cycle led to rapid deactivation within the first few cycles.
2 However, by limiting the extent of reduction to wüstite (FeO) in every cycle, a stable hydrogen yield could be obtained over more than 10 redox cycles. reported that the formation of the spinel phase CuAl 2 O 4 is inhibited in the presence of trace amounts of alkali metals (e.g. Na and K).
13-15
The source of these alkali metal "contaminants" is most likely to be the Na-and K-dawsonites, viz. NaAlCO 3 (OH) 2 
Experimental 80

Preparation of oxygen carriers
The oxygen carriers containing (a) oxides of Fe, Al and Na, and (b) oxides of Fe, Mg, Al and Na are hereinafter referred to, respectively, as NAFO and NMAFO. Both oxygen carriers were synthesised using the method of co-precipitation with a 85 slowly decreasing pH. In both cases, the precipitant used was an aqueous solution containing NaOH (≥ 98 wt%, Fisher Scientific) and Na 2 CO 3 (≥ 99.5 wt%, Fisher Scientific) mixed at a molar ratio of 1:1 to give a total concentration of [ ) until the ionic conductivity of the wash water fell below 120 µS cm -1 . Approximately 120 L of de-ionised water was used, over 4 exchanges, to wash each batch of precipitate which yielded 20 g of calcined oxygen carrier. The washed precipitates were filtered, dried at 353 K in 25 air for 24 h, and fired at 1223 K for 3 h. The resulting cake of oxygen carrier was crushed and sieved to a size fraction of 300 -425 µm for experiments in a packed bed reactor.
Characterisation of the solids
To characterise the crystalline phases in the solid samples, X-30 ray powder diffraction (XRD) were performed on a Panalytical X'Pert Pro diffractometer using Cu Kα radiation (wavelength = 1.5418 Å), operated at 40 kV and 40 mA. The angle of reflection, 2θ, was varied between 5 and 60º, at a rate of 0.0167° per step where each step takes 16.5 s. The diffraction 35 patterns were collected at ambient temperature and atmosphere. The collected diffractograms were preliminarily inspected with the aid of reference patterns found in the Inorganic Crystal Structure Database (ICSD). Rietveld refinements were further performed on the collected 40 diffractograms using GSAS with the graphical interface EXPGUI. 16, 17 To investigate the elemental composition of the oxygen carriers, loose powders of the oxygen carriers were analysed by an S4 Explorer X-ray fluorescence spectrometer (XRF) system (Bruker AXS 45 GmbH). The surface morphologies of the solid samples were inspected by a scanning electron microscope (NOVA NANOSEM, FEI), with a secondary electron detector, an accelerating voltage of 5 kV and probe current of 2 nA under high-vacuum (6 × 10 −5 mbar). The samples were sputter-50 coated with Pt prior to examination by SEM. Energydispersive X-ray spectroscopy (EDS) analyses were performed on selected spots on the surface of the solid samples within the same SEM, using an accelerating voltage of 15 kV. The elemental composition at these spots was quantified using the 55 collected EDS spectra and existing calibrations. . During the cycling experiments in the packed bed, the temperature of the active bed was maintained at 1123 K. In each cycle, the gas supplied to the bed consisted successively of: (i) 5 min of reduction by 9.5 vol% CO in N 2 (BOC Ltd.), 95 (ii) 2 min of N 2 purge (Air Liquide UK), (iii) 3 min of oxidation by 12 vol% CO 2 (Air Liquide UK) in N 2 and (iv) 1 min of N 2 purge and (v) 2 min of oxidation by air. Switching between the feed-gases was achieved using solenoid valves. In an additional set of experiments, the freshly-prepared oxygen 100 carriers were cycled without step (v), in order to examine the presence of interaction between Al 2 O 3 and oxides of Fe. Should there be interaction between Al 2 O 3 and oxides of Fe, the absence of step (v) would result in a decay in reactivity and consequently deterioration in the conversion of solid over 105 cycles, as shown by Kidambi et al. 7 . It should be noted that CO 2 was used in step (iii) to simulate the oxidation of reduced iron oxide by steam to produce hydrogen, because the equilibrium values of p CO 2 /p CO where p i stands for partial pressure of species i. The validity of using CO 2 to stimulate steam oxidation for chemical looping hydrogen cycles has also been experimentally confirmed by Liu et al. 9 . The flowrates of gases at the inlet were controlled and monitored using rotameters or mass flow sensors 5 (Honeywell AWM5103VN). In all stages, the nominal gas flowrates were 1.5 L min -1 (measured at 295 K, 1 atm). For each sample, the oxygen carrier was cycled 20 times, with or without air-oxidation, viz. step (v). The effluent gas from the reactor was analysed by a non-dispersive infrared analyser 10 (NDIR, Uras26, EL3020, ABB), which detects the mole fractions of CO and CO 2 in the range of 0 -10 vol% and 0 -12 vol%, respectively. 5. Fig. 1 X-ray diffraction patterns of the precipitates during the preparation of (a) NAFO and (b) NMAFO, before thermal treatment. All diffraction peaks between 5° and 60° are identified and marked with the corresponding crystalline phases.
Results
Characterisation of the uncalcined precipitate
20
X-ray diffraction patterns of the precipitates were collected to investigate the crystalline phases formed during coprecipitation but before calcining at 1223 K; they are shown in Fig. 1 . In Fig. 1a , it can be seen that the dried precipitate consisted of a mixture of NaAlCO 3 (OH) 2 (dawsonite) and present, the precipitates of (a) NAFO and (b) NMAFO, should contain mixtures of (a) dawsonite and Fe(OH) 3 and (b) quintinite, dawsonite and Fe(OH) 3 , respectively. In particular, for NAFO, the composition detected by XRD is also in agreement with the results of XRF shown in Table 1 below. 40 Overall, all peaks in Fig. 1 18 In Fig. 2 (a), it can be seen that the precipitate also contains spherical agglomerates. Assuming no amorphous phase is present, these spherical agglomerates should be the dehydrated precipitate of Fe(OH) 3 . Fig. 2(b) shows that the precipitates for NMAFO consist of a 50 mixture of rod-shaped crystals and some small grains. Based on the results of XRD, the latter may be assigned to a mixture of quintinite and Fe(OH) 3 . The compositions of the crystalline phases of the calcined oxygen carriers were investigated by XRD, the patterns of which are plotted in Fig. 4 . In Fig. 4 
Cyclic performance in chemical looping
Particles of both oxygen carriers, sized d p = 300-425 µm, were investigated in a packed bed for the chemical looping 70 production of hydrogen at 1123 K. As mentioned above, the production of hydrogen was simulated by the production of CO by oxidising the reduced oxygen carrier in CO 2 , the redox potential of which is almost identical to that of steam at 1123 K. A total of 20 cycles were performed in each off-gas during the first two cycles as well as the last cycle in a typical cycling experiment are shown in Fig. 5 . Here, the concentration of O 2 during the air-oxidation was not measured. It can be seen from Fig. 5 result of insufficient mixing between CO 2 and N 2 in the feed, immediately after gas-switching, which was achieved using solenoid valves. 
Here, equations ( 15 ) and ( 16 ) and X ox was taken as the average value of X in each cycle. The measured X were plotted against cycle number in Fig. 6 . Fig. 6 (a) shows that, when NAFO was oxidised by air at the end of each cycle, X ~ 100% consistently over 20 cycles. possible reasons for this reduced yield: (i) the presence of the alumina alters the equilibrium for the reduction of iron oxide, making it effectively harder to reduce and (ii) the Fe-Al-O mixture could not prevent sintering over repeated cycles owing to the lack of cyclic phase segregation. In contrast, more 15 consistent performance was seen for NMAFO, as shown in Fig. 6b , regardless of whether or not air oxidation was used. The measured X, with and without air, equals to ca. 80% over the 20 cycles at 1123 K. These values of X were less than unity owing to the fact that reduction did not reach completion in 20 each cycle, as discussed above. (p CO 2 :p CO = 1) at 1123 K for 10 min. For NAFO, it can be seen from Fig. 7 (a) first cycle, and hence the initially high X seen in Fig. 6(a) . However, peaks of FeAl2O4 can be clearly seen in the sample after 20 cycles without air-oxidation Fig. 7 (a)(iv) ). This result suggests that there was an accumulation of FeAl 2 O 4 in NAFO over cycles without air-oxidation. Consequently the reactivity 40 of the oxygen carrier decreases gradually and progressively, as seen in Fig. 6(a) . Finally, the two diffraction peaks between 21° and 26° seen in Fig. 7 (a) fully oxidised in air, the cycled material has a diffraction pattern Fig. 7 (a)(v) almost identical to that of the fresh NAFO Fig. 7 (a)(i) . These XRD patterns suggest that the formation of FeAl 2 O 4 in NAFO was a slow and irreversible process in the absence of air-oxidation, but could be reserved by oxidising 50 the oxygen carrier in air at the end of each cycle. In addition, the NaAlO 2 phase was detected consistently during the reduction and after 20 cycles, indicating it is relatively stable under the conditions used in this study. (Fig. 7 (b)(i) ) at 1123 K, the peaks of MgFe 2 O 4 weaken and those of wüstite start to appear (Fig. 7b(ii) ). After reduction in CO for 10 min, the crystalline phases detectable are MgO, Fe and NaAlO 2 (Fig. 7 (b)(iii) ). During the reduction of fresh NMAFO, NaAlO 2 appeared to be 20 the only crystalline phase that contains Al(III), despite the fact that there is more Al than Na in NMAFO. After 20 cycles at 1123 K without air-oxidation (Fig. 7 (b)(iv) 4 shifting slightly to a lower 2θ value. With air-oxidation, the XRD pattern of the fully oxidised sample (Fig. 7 (b)(v) ) shows the same phases as Fig. 7 (b)(iv) , but with an additional phase of Fe 2 O 3 . In Fig. 7b(v Fig. 8 show the morphologies of NAFO when (a) fresh, (b) after 20 cycles 50 without air-oxidation and (c) after 20 cycles with air-oxidation, respectively, as well as the surface of particles of NMAFO when (d) fresh and (e) + (f) after 20 cycles without oxidation in air. In all cases, the disappearance of the rod-shaped grains seen in Fig. 2 can be correlated to the decomposition of 55 dawsonite (NaAlCO 3 (OH) 2 ). Fig. 8(a) shows that fresh NAFO, the surface of which is relatively porous, is composed of small, irregularly-shaped grains of uniform size. After 20 cycles without air-oxidation, some large hexagonal crystals were found in NAFO, together with some agglomerated small grains 60 of no particular crystalline feature. When cycled with airoxidation, the surface of NAFO was found to be mainly composed of uniformly-sized grains similar to those seen in Fig. 8 (a) . A large grain exhibiting a prismatic crystal habit is also seen in Fig. 8(c) ; this means that the crystallite has an 65 orthorhombic crystal structure, suggesting that it is made of NaAlO 2 . On the other hand, both fresh and cycled (without airoxidation) NMAFO were found to contain large hexagonal crystals of ca. 1 µm in size mixed with small grains of ca. 100 nm in size. Interestingly, none of the crystalline phases 70 identified in Fig. 7 (b)(iv) crystallises hexagonally. To investigate the nature of the hexagonal crystals seen in energydispersive X-ray spectra (EDS) of the corresponding samples were taken at points shown in Fig. 9 ; and the results of the quantitative analysis are presented in Table 2 . Here, it should be noted that, the volume of interaction 80 between the electron beam (with an accelerating voltage of 15 kV) and the solid material is several microns wide. Hence, the EDS collected for the hexagonal grains, e.g. spectra 2, 10 and 11, might also contain signals produced by the surrounding materials. Therefore, the numbers shown in Table 2 should 85 only be regarded as giving a qualitative indication, which can only be used to estimate the chemical compositions of the hexagonal grains, in combination with other experimental results.
The result of EDS analysis ( Fig. 9 and Table 2) suggests that these micron-sized hexagonal grains are predominantly made of Al 2 O 3 , which means that the "host-phase" of these crystals could be corundum (α-Al 2 O 3 ), β-alumina ((Na 2 O) n ·(Al 2 O 3 ) 11 , where n = 1 -1.5), or β''-alumina ((Na 2 O)·(Al 2 O 3 ) 6 ). However, 5 the lack of detection of the corundum peaks in Fig. 7 suggests that, the content of Al 2 O 3 relative to the other phases is low in the bulk of the solid, despite its strong presence at the surface. Furthermore, the strongest peak of Al 2 O 3 at around 35° could overlap with a peak of NaAlO 2 , making detection of the former 10 even more difficult. From Fig. 9 and Table 2 , it can be also seen that, the metal-based elemental composition of the small, 100 nm-sized grains in NAFO was comparable to the analysis by XRF, although the content of Fe in the small grains in NMAFO appears to be underestimated by EDS. Fig. 9 SEM image of the surface of a particle of (a) NAFO after 20 cycles without oxidation by air, (b) fresh NMAFO and (c) NMAFO after 20 cycles without oxidation by air. Positions where EDS spectra were taken are marked by crosses and results are shown in Table 2 . Al-O system is not available in the literature, so that the following discussion is based on experimental results from both the current study as well those in the existing literature. Firstly, the chemical inertness of the NaAlO 2 phase was investigated by XRD for 27° ≤ 2θ ≤ 33°, with a slow scanning 35 speed of 0.00418° per 50 s per step. The results of the XRD, shown in Fig. 10 , indicate that for both NAFO and NMAFO, the (1 2 0) peak of the NaAlO 2 phase at 30.3° has shifted slightly to a lower 2θ value after the cycling experiments. Here, the NaAlO 2 originates from the dawsonite in the original 40 precipitation. This shift could be explained by the dissolution of Fe 3+ into the NaAlO 2 phase, forming a solid solution with a general formula NaAl 1−y Fe y O 2 (0 < y < 1), which is stable even at room temperature. 20 However, Fig. 2(a) Thus, a plausible explanation to the behaviour of the oxygen carrier is proposed and depicted in Fig. 11 . Here, the reaction schematic shown in Fig. 11 postulates that, as a result of the formation of NaAl 1−y Fe y O 2 , where y increased gradually with 60 time, an increasing amount Al 3+ was displaced from the NaAl 1−y Fe y O 2 phase, and became free to interact with oxides of Fe. Evidence for this explanation comes from XRD measurements on fresh carrier and carrier cycled many times. Initially, the freshly-calcined oxygen carrier contained a mixture of NaAlO 2 and Fe 2 O 3 , both of which were detected by 5 XRD, as seen in Fig. 7 (a)(i) . In the first cycle, the only reactive species in the fresh NAFO was Fe 2 O 3 , whilst the NaAlO 2 was more or less stable, as seen in Fig. 7 (a) cycling experiments, when they are fully oxidised in air and cooled to room temperature. Calculated peak positions of the (1 2 0) reflection for both NaFeO2 and NaAlO2 are marked with dashed lines.
BEHAVIOUR OF NAFO DURING REDOX CYCLING WITH AN
AIR-OXIDATION STEP.
25
This section considers the picture when there is air oxidation included in each cycle and how the mechanism just posited is altered; this is also depicted in Fig. 11 . Firstly, despite an increasing value of y in the NaAl 1−y Fe y O 2 phase, the consistently high conversion over the 20 cycles with air-30 oxidation shown in Fig. 6(a) progressive reduction in reactivity unless it is decomposed by air-oxidation in each cycle. 
Performance of NMAFO
Here, the changes in composition during the preparation and investigation of NMAFO are depicted in Fig. 12 The results of EDS analysis, shown in Fig. 9 and 21 and plotted in Fig. 13 , can be used to explore the thermodynamics further. Fig. 13 Finally, Fig. 13 
Conclusion
Fe-based oxygen carriers, consisting of oxides of (i) Na, Al 75 and Fe (NAFO) and (ii) Na, Mg, Al and Fe (NMAFO) were synthesised by means of co-precipitation using a technique involving a gradual reduction in the pH of the solution containing the precursor salts. The major components in the precipitates were Fe(OH) 3 
